Abstract-The paper describes spectrum sensing using singleradio switched-beam arrays with reactance-loaded parasitic elements. At a given frequency, the antenna's loading conditions (reactive loads) are optimized for maximum average beamforming gain in the beampattern look direction. Circular permutations of the reactive loads rotate the narrowband beampattern to different angular positions dividing the whole space around the cognitive receiver into several angular subspaces. The beampattern directionality leverages the performance of spectrum sensing algorithms like the energy detection by enhancing the receive signal-to-noise ratio. Moreover, the selection combining across the weakly correlated beampatterns gives rise to a diversity action further boosting the probability of detection.
I. INTRODUCTION
The cognitive radio (CR) has been introduced as a novel technology paradigm toward efficient, dynamic and flexible usage of the scarce radio spectrum resource [1] . Spectrum sensing is an essential component of a CR system aiming to obtain awareness regarding the spectrum occupancy and the primary user (PU) activity in a specific region. The key role of spectrum sensing is to identify transmission opportunities for the secondary users (SUs) by detecting unoccupied spectrum segments with as much accuracy and low latency as possible.
Several approaches and enabling algorithms of spectrum sensing for CR applications have been proposed, each having different operational requirements, advantages and disadvantages [2] . For example, matched filtering detection [3] needs to know the waveforms and the channels of the PUs whereas cyclostationary detection [4] requires knowledge of the cyclic frequencies of the PUs being sensitive to timing and frequency mismatch. Blind algorithms such as energy detection-based methods [5] - [7] are susceptible to noise power uncertainty but require no a priori knowledge of the PU signals and are quite popular due to their low complexity and simplicity. Techniques like cooperative eigenvalue-based sensing [8] or multiantennabased detection [9] are immune to noise uncertainty but increase the sensing complexity.
The use of smart antennas and beamforming systems in CR is another promising direction toward increasing the spectral reuse and improving the sensing performance. A directional beampattern is able to focus the energy in specific angles limiting the interference to unwanted directions and enabling a denser network deployment. In this context, [10] studies the maximum number of users that can be allocated in the same frequency in a CR network using transmit and receive beamforming. In [11] , the SU transmitter is equipped with a smart antenna having multiple active elements so as to construct a transmission beampattern that is non-intrusive to the PU link. Further, [12] studies the improvement to the cyclostationary-based detector performance exploiting smartantenna radio receivers using certain beamforming algorithms.
Although most of the existing smart-antenna CR techniques rely on systems with multiple active antenna elements where each element is connected to a separate radio-frequency (RF) chain, the authors in [13] , [14] propose spatial-spectrum sensing for scanning both frequency and spatial (angular) resource dimensions via a single-RF frontend. The CR antenna designs proposed therein are based on the electronically steerable parasitic array receptor (ESPAR) antenna [15] which constitutes a low-hardware complexity smart-antenna system implemented by a set of tunable reactive loads connected to a group of parasitic elements coupled to a single central active element.
The present work aims at studying the spectrum sensing performance using smart switched-beam antenna systems. The study considers the single-radio ESPAR antenna structure for the CR receiver whereas the simple energy detection is the deployed sensing algorithm. The purpose is to detect the existence of a PU signal in the vicinity of the SU receiver as shown in Fig. 1 . A statistical analytical channel model is assumed where the multiple signal paths are organized into wave clusters so that the PU signal impinges on the SU receiver through a set of P clusters each of a certain mean angle of arrival (AoA) and angle spread (AS). The reactive loads and the load impedance of the ESPAR receive antenna system are optimized for maximum efficiency and directivity in the beampattern look direction. At a given frequency, circular permutations of the optimal reactive loads of the ESPAR antenna rotate the beampattern to different angular positions dividing the whole space around the cognitive receiver into several angular subspaces. At each position, PU signal detection is performed over the directional array diagram. It is shown that beampattern directionality leverages the performance of energy detection by enhancing the receive signal-to-noise ratio (SNR). The detection performance is evaluated under different propagation conditions. The paper also considers the case where, after a full space scan with energy detection being deployed sequentially on every pattern, beam selection combining takes place by choosing the beam with the highest receive signal energy. The performance of the scheme is evaluated in a practical clustering environment showing that the selection combining across the weakly correlated beampatterns gives rise to a diversity action further boosting the probability of detection.
The rest of the paper is organized as follows. Section II gives the signal model and describes the radio environment. Section III presents the ESPAR receive antenna system. In Section IV spectrum sensing over the ESPAR directional beam response is presented and evaluated under various propagation conditions. Section V describes and evaluates the beampattern selection combining method and Section VI concludes the paper.
Notation: Boldface capital letters refer to matrices and boldface small letters refer to vectors of the specified size. · ij returns the {i, j} entry of the enclosed matrix and · i returns the ith element of the enclosed vector. C denotes the set of complex numbers of the specified dimensions and |·| gives the amplitude of the enclosed complex number. diag (·) denotes the diagonal matrix whose diagonal entries are the elements of the enclosed vector. The superscripts T, * and H denote transpose, conjugate and transpose conjugate, respectively. R{·} denotes the real part of the enclosed complex number and j is the imaginary unit (j 2 = −1).
II. SIGNAL MODEL
We focus on two-dimensional propagation in the horizontal (azimuth) plane. The antenna system can switch among K directional beampatterns. The look direction and the free-space response of the kth complex beampattern is
. . , K, respectively, where φ is the azimuth angle expressing the AoA of the PU signal. The probability density function (pdf) of the angular distribution of impinging PU waves (rays) within a cluster, i.e., the power angle spectrum (PAS), is denoted by A(φ). The PAS of a wave cluster is parameterized by a mean AoAφ and AS σ (e.g., in case of a Laplacian PAS A(φ) = is a normalization factor). Analyzing the directivity gain in the presence of angular distribution of the impinging waves invokes calculating the distributed directivity gain (DDG) (average beamforming gain) at the kth beampattern as [16] 
where D k (φ) is the directivity and η ∈ [0, 1] is the efficiency of the antenna system. The received passband signal waveform at the kth beampattern in the presence of a primary user signal is
where f is the carrier frequency andỹ k (t) ∈ C is the PU signal received at the kth beampattern including the effects of fading where the multipath reflections and/or the scatterers are grouped into clusters and modeled as a single path with an associated AS. Let N 0 denote the one-sided flat noise power spectral density (PSD) and W the signal bandwidth. n k (t) ∈ C is the 0-mean Gaussian noise process with variance σ 2 n = N 0 W and is assumed to be white both temporally and spatially (i.e., across the different antenna patterns). The noise and the signal are assumed uncorrelated.
In (2),ỹ k (t) is the superposition of rays arriving from P power-balanced wave clusters. Specifically, it is assumed that the unit energy PU signal s(t) impinges on P clusters, where the pth cluster has a Laplacian PAS A p (φ), mean AoAφ p and AS σ p , p ∈ {1, . . . , P } (Fig. 1) . Thus, the PU signal received at the kth beampattern can be written as
where P T is the PU transmit power and h k,p ∈ C is the slowfading channel coefficient for the pth PU signal received at the kth beampattern. The receive SNR and the total average DDG at the kth beampattern are respectively given by
For σ p = 0
• and for deterministic h k,p the signal model in (3) accounts for the simple case of additive white Gaussian noise (AWGN) channel or, equivalently, free-space propagation.
III. ESPAR RECEIVE ANTENNA DESCRIPTION
We consider directional sensing using a single-radio (K+1)-element ESPAR receive antenna (Fig. 2) . The ESPAR is a smart antenna system that presents a significant advantage over its directional antenna counterparts: it is able to control its beampatterns as any smart antenna, while being implemented using a single active element (element 0) surrounded by K passive (parasitic) elements (elements {1, . . . , K}). The kth parasitic element is placed at a relative local angle of
. . , K}. The parasitic elements are terminated with varactors controlling the imaginary part of their input impedances. The free-space beampattern is
In (6), α(φ) ∈ C (K+1)×1 is the array steering vector resulting from the array geometry as
where d is the radius of the ESPAR, equal to the spacing between the central active element and the parasitic elements, and κ = 2π/λ is the wavenumber. w eq,k ∈ C (K+1)×1 is the equivalent weight vector at which the kth beampattern is created and is given by
where Z ∈ C (K+1)×(K+1) is the mutual impedance matrix whose entry Z kk is the self-impedance of the kth antenna element and Z k , k = is the mutual impedance between the kth and the th antenna element, where Z k = Z k , k, ∈ {0, 1, . . . , K} by reciprocity. The vector u is given by u = [1 0 .
Let the loading vector
T Ω denote the set of K loads to be mapped to the K parasitic elements, such that the circular rotation of the loading vector rotates the beampattern to one of the K angular positions (based on the image theory). Then, the matrix X k ∈ C (K+1)×(K+1) can be defined as
wherex k ∈ {1, . . . , K} is a circular permutation of x at which the kth beampattern is created so that the th element ofx k is given by
In (9), Z L is the is the load impedance of the receiver, i.e., the output impedance of the low-noise amplifier (LNA). Assuming negligible ohmic losses, any losses in the ESPAR system may result from the mismatch between the source impedance and the input impedance seen by the central active antenna. The input impedance Z in of the active element and the corresponding reflection efficiency because of impedance mismatch can be respectively written as
respectively, where i k = w eq,k v T ∈ C (K+1)×1 is the vector of induced currents on the antenna elements. Z in remains constant ∀k and thus η is maintained ∀ B k (φ), k ∈ {1, . . . , K}, due to topology symmetry.
IV. SPECTRUM SENSING OVER DIRECTIONAL BEAM RESPONSE
In order to analyze the sensing performance using directional CR receiver, the low-complexity energy detection is used for spectrum sensing. The goal of spectrum sensing is to decide between the two hypotheses over the kth beampattern
The test or decision statistic is equal to the receive energy over the observation time interval (0, T ) over the kth beampattern and can be approximated as [6] 
where
is the ith sample of y k (t) and N = 2W T is the number of samples 1 . When the PU signal is not present (under hypothesis H 0 ), the decision statistic is the sum of the squares of 2W T 0-mean Gaussian distributed random variables with variance σ 2 n , thus T k will follow a central chi-square distribution. Based on the cumulative distribution function (CDF) of T k , the probability of false alarm is given by [7] 
where δ is the detection threshold, Γ(a) is the Gamma function and Γ(a, b) is the unregularized upper incomplete Gamma function [17] . Similarly, when the PU signal is present (under hypothesis H 1 ) and for AWGN channels, the decision statistic T k has a chi-square distribution with a non centrality parameter 2W T γ k [6] . Based on the statistics of T k , the probability of detection over the kth beampattern is given by where Q z (a, b) is the generalized Marcum Q-function [17] . Under Rayleigh fading, the receive SNR follows an exponential probability density function (PDF) f (γ k ) = (1/γ k )e (−γ k /γ k ) , whereγ k is the average receive SNR. Thus, the average P d,k is given by [5] 
where Γ (a, b) = Γ(a, b)/Γ(a) is the regularized upper incomplete Gamma function. Although the probability of false alarm in (14) is not related to the receive SNR (and the receiving beampattern) as there is no signal, the probability of detection is a function of γ k given in (4). Thus, the performance of sensing in terms of probability of detection can be improved by the DDG of the directional beampattern enhancing the receive SNR. To illustrate, we evaluate the sensing performance over a beampattern of specific ESPAR configurations with respect to a standard isotropic receiver (G(φ) = 0 dBi). In these examples, we take into account sensing over the 1st (k = 1) beampattern (the analysis for other beampatterns is similar). We consider ESPAR set-ups of K + 1 = 3 and K + 1 = 7 identical half-wavelength thin electrical dipoles with d = λ/4, where λ is the carrier free-space wavelength. The mutual impedance matrix Z of the 3-port receive antenna system has Z 00 = 73.07 + j42.50, Z 01 = 40.75 − j28.32, and Z 12 = −12.52 − j29.90, calculated using Gauss-Legendre numerical integration [18] . Similarly, the 7-element ESPAR has Z 00 = 73.07 + j42.50, Z 01 = 40.75 − j28.32, Z 13 = −0.66 − j35.93 and Z 14 = −12.52 − j29.90 2 . The ESPAR systems are optimized with respect to Z L and x for maximum DDG in the look direction of the array diagram, i.e., for maximum G 1 (0 • ), via a constrained nonlinear optimization multivariate MATLAB routine yielding the optimized antenna parameters in Table 1 . The 1st array pattern B 1 (φ) of the optimized 7-element ESPAR is shown in Fig. 4(a) . It should be noted that the remaining optimal beampatterns B k (φ), k = {2, . . . , K} (i.e., with maximum DDG in their look direction) are simply obtained by appropriately rotating the reactive loads, according to Section III.
It is considered that a single PU signal (P = 1) is arriving over an AWGN channel and that the direction of arrival is aligned with the look direction of the beam (φ 1 = 0
• ). The 2 The other entries of the Z matrices can be easily obtained from the antenna topology symmetry.
TABLE I OPTIMIZED ESPAR PARAMETERS

Optimal load
Optimal reactive loads probability of detection averaged over 10, 000 random channel drops (Monte-Carlo simulations) versus the input SNR for W T = 10 and P f = 0.1 is shown in Fig. 3 . It can be observed that sensing with the directional optimized ESPAR systems significantly improves the detection performance, resulting in SNR gain of up to 4 and 8 dB with the 3-element ESPAR and the 7-element ESPAR, respectively. In practice, the ideal assumption that the PU mean AoA is aligned with the beam look direction may not be fulfilled. From (4) and (15) or (16) , it can be seen that the probability of detection depends on the mean AoA of the received PU signal(s). Moreover, it is realistic to account for more severe channel impairments to the signal reception than simple AWGN, such as the multipath Rayleigh fading. Thus, in this part a single PU signal is assumed arriving from various possible mean AoAs (Fig. 4(a) ) on the aforementioned optimized 7-element ESPAR receive antenna under Rayleigh fading and for σ p = 0
• . The calculated DDG G(φ 1 ) decreases from 7.0 dBi to −0.2 dBi forφ 1 varying from 0
• to 50
• . The receiver operating characteristic (ROC) (P d,1 versus P f ), or equivalently, the complementary ROC (probability of miss detection P m,1 = 1−P d,1 versus P f ) for the different situations is shown in Fig. 4(b) . The input SNR is −7 dB. It can be observed, that as the mean AoA deviates from the valuē φ 1 = 0
• at which the beampattern has bean optimized, the attained DDG decreases, with a direct impact on the sensing performance.
Furthermore, a non-zero AS can also affect the sensing performance. Here it is assumed that the mean AoA of the PU signal is kept atφ = 0
• whereas the AS σ 1 varies from 0 • to 50
• . As the AS increases ( Fig. 5(a) ), the beampatern diffuses and the lobes start to smear, whereas the DDG at the look direction decreases. At high values of AS (e.g., for σ 1 = 50
• with G 1 (0 • ) = 4.0 dBi) the array diagram tends to flatten and tends to approach an omnidirectional diagram, indicating that beamforming gains under rich scattering environments are not so significant. Fig. 5(b) shows that the sensing performance is affected in a way similar to the case of mean AoA misalignment with the beam look direction. 
In this section we assume that spectrum sensing is run sequentially on each one of the K ESPAR optimized beampatterns using energy detection as described in the previous section under Rayleigh fading. It is assumed that the channel fading coefficient remains unchanged during each full angular space scan whereas it changes to another independent realization in a succeeding scan. This assumption is valid for slow fading channels while assuming that beam scanning and detection over each array diagram happens fast enough. After a full space scan, the receiver performs beam selection based on the gathered K test statistics T k , k ∈ {1, . . . , K}. Specifically, the maximum T k , k ∈ {1, . . . , K} is chosen and compared with the detection threshold δ to perform the sensing test and the combined probability of detectionP d,SC is thus given bȳ
Optimizing the beampatterns for the maximum DDG at the look direction has the additional advantage of resulting in a sufficiently weak correlation across the K array diagrams. In the general case, the signal model accounting for beampattern cross-correlation (under hypothesis H 1 ) can be written as
where y(t) ∈ C K×1 is the vector of the K collected received signals upon a beam scan. h ∈ C K×1 is the vector of slow fading channel coefficients with h k = P p=1 h k,p and n(t) ∈ C K×1 is the temporally and spatially white noise vector with n(t) k = n k (t). R R ∈ C K×K is the receive covariance matrix that incorporates both the power imbalance and the cross-correlation of the beampatterns
where G = diag[G 1 . . . G K ] and the normalized correlation matrixR ∈ C K×K has entries
where A Σ (φ) = P p=1 A p (φ)/P is the total PAS. To illustrate, we consider the 7-element ESPAR antenna system of Section IV optimized for maximum DDG at the look direction (Table I) under Rayleigh fading. It is assumed that P = 2 PU signals arrive on the array through two different clusters with Laplacian PAS A 1 (φ) and A 2 (φ) withφ 1 = 5
• , respectively, whereas σ 1 = σ 2 = 10
• . These parameters describe a typical indoor clustered propagation scenario and are similar to those used in the IEEE 802.11 wireless local area network Task Group N [19] . The attained DDGs at every beampattern at the mean AoA of the PU clusters are summarized in Table II . The probability of detection versus the input SNR of spectrum sensing with beam selection via the 7-element ESPAR for P f = 0.1 is shown in Fig. 6 . The resulting maximum absolute cross-correlation coefficient is max| R kj | = 0.7. The figure also shows sensing only over the 1st beampattern B 1 (φ) and over a standard isotropic antenna. It can be observed that sensing over B 1 (φ) improves the probability of detection due to receive SNR gain as discussed in Section IV. However, beam scanning with beam selection combining, along with receive SNR improvement due to the beampattern directionality, can enable a diversity action that further boosts the probability of detection. Moreover, the performance approaches the ideal beam selection with uncorrelated beampatterns, indicating that indeed the designed beampatterns are approximately orthogonal.
VI. CONCLUSION
The paper has described directional spectrum sensing using the single-radio switched-beam ESPAR antenna where PU signal detection is performed on each antenna pattern. The antenna's loading conditions have been optimized for maximum average beamforming gain in the beampattern look direction. The simulation results showed that the average beamforming gain of the beam response can improve the probability of detection of the energy detector by enhancing the SNR at the receiver side. Moreover, by selectively combining the sensing results from the K weakly correlated beampatterns diversity gains can be added to the cognitive radio system performance. 
